ABSTRACT Many studies have reported the presence of soil respiration hot spots, which are areas of extremely high soil respiration, but little is known about their causes. Because previous studies implied that they were caused by macrofauna, we conducted a field survey in a Malaysian lowland rainforest to examine whether increased soil respiration was induced by the activities of macrofauna such as termites, ants and earthworms. Soil respiration was measured in a grid system of 10 m intervals in a 1 ha plot. We measured soil respiration again three or four days after the first measurement to examine the spatiotemporal change in hot spots. After the second measurement, we excavated soil to a depth of 20 cm at the five points showing the highest soil respiration rates (hot spots) and their neighboring points as controls and visually searched for macrofauna. The average soil respiration for two measurements did not differ significantly (8.21 and 7.93 μmol CO 2 m -2 s -1 , respectively). Four hot spots were revealed in each of the two measurements, but only one appeared in both measurements. Several ants (100-500 individuals, Lophomyrmex sp.) were observed in soil under soil respiration chamber areas at one hot spot and one control point, respectively. This suggests that the hot spots in the study site were not located near active nests or intensively active areas of macrofauna, and it is possible that the hot spots may represent the points of mass CO 2 flux transport events.
INTRODUCTION
Soil respiration is an important component of the carbon cycle in forest ecosystems, accounting for 40%-70% of forest carbon emissions ). However, soil respiration is known to show very large variations spatially and temporally (Nakayama 1990 ); therefore, its accurate estimation is difficult and requires labor and time (Adachi et al. 2005 ). In addition, points showing extremely high rates of soil respiration known as hot spots have occasionally been observed (van Kessel et al. 1993 , Stoyan et al. 2000 , which increase the spatial heterogeneity of soil respiration. However, little is known about the causes of these hot spots. Because soil respiration in nests of termites and ants is very high (Khalil et al. 1990 , Risch et al. 2005 , these macrofauna have been assumed to be one of the causes of hot spots (Ohashi et al. 2007 ). Ohashi et al. (2007) reported that several hot spots disappeared in measurements taken several months after the baseline readings. Therefore, these authors assumed that hot spots appeared when nests were active and disappeared when they were abandoned. In addition, Bohlen and Edwards (1995) reported that soil respiration increased as a result of the addition of earthworms. However, no studies have involved excavation of soil at hot spots to determine whether they were really located above the nests or intensively active areas of macrofauna. In the present study, we investigated how hot spots of soil respiration were formed in a lowland dipterocarp forest in Peninsular Malaysia. Specifically, we tested the hypothesis that hot spots originated from respiration of large amounts of macrofauna such as termites, ants and earthworms present underground (e.g. active nests of macrofauna or intensively active areas of macrofauna). We only focused on termites, ants and earthworms in the present study. This is because a large biomass of these macrofauna are known at the study site (Abe 1989) , and these three types of macrofauna are easily distinguished on the site simultaneously to the detection of hot spots. The hypothesis was tested in two ways. First, we measured soil respiration twice in a short period of three or four days. Since nests of macrofauna may not be abandoned in such a short period, we observed the sampled hot spots to determine if they were created by nests of macrofauna. We also examined the presence/absence of macrofauna underneath such hot spots. If the above hypothesis is true, we would only see large amounts of macrofauna in the soil in areas that show extremely high TROPICS Vol. 25 (2) rates of soil respiration.
MATERIALS AND METHODS
This study was conducted in a primary (unlogged) forest in the Pasoh Forest Reserve (2°59′N, 102°18′E) in the state of Negeri Sembilan, Peninsular Malaysia. The Pasoh Forest Reserve is a lowland dipterocarp forest (95-100 m asl, Symington 1943) . The annual mean air temperature was 27.1℃ (1992 -1994 Bekku et al. 2003) , and average annual rainfall was approximately 2000 mm, with a range of 1700-3200 mm (Kochummen et al. 1990 ). The soil type was classified as Haplic Acrisol (Yamashita et al. 2003) . Vegetation, climate and soils of the reserve have been described in detail elsewhere (e.g. Okuda et al. 2003) . Soil respiration was measured using a portable automated chamber system (Ciras-3 and modified SRC-1, PP Systems, Amesbury, MA, USA). The chamber of 5 cm radius was placed directly on the ground at the time of the measurement, and we were careful not to allow any space between the chamber and the ground. Soil chamber collars were not installed before measurement in the present study. We also measured soil temperature at 5 cm soil depth and soil water content at each measurement point of soil respiration rate using a portable digital thermometer (Thermo 1050, IC Co., Ltd., Tokyo, Japan) and a Hydrosense soil moisture meter (Campbell Scientific, Inc. Logan, UT, USA), respectively. The probes (12 cm length) of the soil moisture meter were inserted obliquely to measure water content in the top 5 cm of soil. Soil temperature and soil water content were measured only on the first measurement day. A 6 ha plot (200×300 m) that was previously established in the forest was used for the present study . Soil respiration was measured in a grid system with a 10 m interval within a 1 ha area in the 6 ha plot (Appendix 1). Soil respiration was measured at 94 points in the first measurement period (23-24, September 2014), and 121 points in the second measurement (27, September 2014). All measurements were taken between 9:00 and 15:00. During the second measurement, we excavated soil from the five highest soil respiration spots within 1 minute of detection. Every time the extremely high soil respiration point was detected, we also measured soil respiration rate and excavated soil at the next point as the control. In total ten measurement points were excavated. We excavated soil with a 5 cm radius (same size as the chamber of the portable soil respiration measurement system) to a depth of 20 cm. This depth was selected because most termites are observed within this depth in the study plot (Abe and Matsumoto 1979), and depths of nests of tropical ants have often been observed within a few centimeters (Williams and Logfren 1988) . We carefully searched for macrofauna (termites, ants and earthworms) visually in the excavated soil. In cases in which macrofauna were observed in the excavated soil, a subsample of individuals of each species were brought back to the laboratory for identification to genus level. We did not enumerate the observed macrofauna. No rainfall occurred during the daytime while we were taking our measurements, but it occasionally rained during night in the five days of our field survey. Hot spots in the present study were defined according to the description by van Kessel et al. (1993) ; a hot spot shows a respiration rate three times greater than the interquartile range from the median.
RESULTS
The average soil respiration rates of the first and second measurements were 8.21±0.7 and 7.93±0.5 (mean ± S.E) μmol CO 2 m -2 s -1
, respectively, which were not significantly different (Mann-Whitney U test, P＝0.64). The frequency distributions of the soil respiration rate of the two measurements also did not differ significantly (KormogorovSmirnov test, P＝0.56, Fig. 1 ). Soil respiration at hot spots on the first and the second measurement days were calculat- , respectively. At each measurement, four hot spots were observed. Hot spots accounted for 3.3 and 4.3% of the measured points during the first and the second measurements, respectively. The average soil temperature and soil water content of the first measurement were 25.7℃ and 23.6%, respectively. Soil respiration rates in the first measurement showed a significant positive relationship with the soil temperature (Spearman＇s rank correlation, rs＝0.29, P＝0.005, Fig. 2a) , while the soil respiration was negatively correlated with the soil water content (rs＝-0.28, P＝0.007, Fig. 2b) . No significant correlation was shown between soil temperature and soil water content (rs＝-0.14, P＝0.17). Hot spots of the soil respiration did not seem to relate to either the soil temperature or the soil water content. Soil respiration rates determined in the first measurement were significantly correlated with those observed in the second measurement (Spearman＇s rank correlation, rs＝ 0.43, P＜0.001). However, all the observations were not always positioned along the 1:1 line (Fig. 3) , showing that there was a temporal change in soil respiration rate. This temporal change was also observed in the hot spot locations (Appendix 2). Only one point was continuously observed as a hot spot during the two measurements.
In the second measurement, we did not observe any obvious signs or traces of macrofauna (except some ants and termites) on the soil surface, and no macrofauna was visible in the excavated soils at the four hot spots and the four control points. Several ants (100-200 individuals, Lophomyrmex sp.) were observed at one hot spot; however, several ants of same genus (300-500 individuals) and termites (50-100 individuals, unidentified) were also observed at one of the control points. The density of the ants and termites in the soil at the hot spot was clearly lower than that at the control.
DISCUSSION
The frequency of hot spots of soil respiration in this study was 3.3%-4.3%, which is in the range of those reported for previous studies (0%-8%, Ohashi et al. 2007 , Stoyan et al. 2000 .
The soil respiration rate at each measurement point changed in a very short period (three or four days), but the average rates and the frequency distribution of soil respiration rates did not change during the study period. That is, the amount of CO 2 emission from soil in the forest ecosystem did not change but the emission pathways changed spatially over a very short period. The result suggests that we need not pay too much attention to spatial heterogeneity and temporal change of soil respiration for estimation of average rates of CO 2 emission from forest soil, as long as we have a enough sample size like the present study (10 m interval in 1 ha). The spatial change of emission pathways of CO 2 may be affected by the heavy precipitation, as it occasionally rained during the night in the five days of our field survey. Rainfall events are known to either increase or decrease soil respiration (Lee et al. 2002) because the soil pore spaces are filled by precipitation water (Ball et al. 1999) . The rainfall was assumed to penetrate into soil, filling soil pores and changing the emission paths of soil respiration spatially. Soil respiration rates had statistically significant relationships with both soil temperature and soil water content in the study site, supporting many previous studies that found spatial variation of soil respiration was affected by soil temperature and soil water content (e.g. Kosugi et al. 2007 , Takada et al. 2015 . However, the hot spots of soil respiration did not appear to be affected by soil temperature and soil water content, suggesting that hot spots were not likely to be caused by variations in soil temperature or soil water content in situ.
Our results revealed that some hot spots appeared and disappeared within a shorter time span than in previous studies (approximately a half year, Ohashi et al. 2007) . If the hot spots in the present study plot were generated by active nests of macrofauna, these results would indicate that 75% of the nests had disappeared and been created at other places for only three days. Such rapid movement of nests of macrofauna is not likely. In addition, the top five soil respiration spots in the second measurement did not show any clear visible differences from controls. Ants (Lophomyrmex sp.) were found in soil at only one hot spot, and we could not find any macrofauna at the other four high soil respiration spots. In addition, a higher density of the ant (Lophomyrmex sp.) and termites (unidentified) was observed at one of the control points than observed at the hot spot. Therefore, we observed no clear association of hot spots with active nests of macrofauna or intensively active areas of macrofauna, disputing the given hypothesis. However, macrofauna might have been present not exactly under the chamber but within the surrounding soil, and it is possible that the derived CO 2 moved laterally in the soil. It is also possible that earthworms were present in the hot spots at the soil respiration measurement but escaped during the soil excavation.
CONCLUSIONS
Our study suggests that hot spots of soil respiration do not necessarily occur immediately above large amounts of macrofauna, although the nests might be present within a short distance and earthworms might be present during the measurement. Perhaps the spatiotemporal changes in soil respiration may be more drastic than we have expected. It is possible that the hot spots observed in the present study are caused by instantaneous bulk transfer of CO 2 gas (e.g. due to pressure gradient of CO 2 between soil and atmosphere, Nakayama 1990) and we simply collected our measurements at these moments. Accordingly, not only biological factors, but also soil physical processes such as bulk transfer of soil pore CO 2 gas must be considered when identifying causes of hot spots.
